To study the effect of the crystal environment on the molecular conformation of saccharides a model is developed in which the surroundings of a single molecule are represented by a limited number of water molecules. This model is tested on the molecular conformation of a-D-glucose in two different crystal modifications, that of a-D-glucose and of a-D-glucose monohydrate. The molecular-mechanics force field MM2 is used to cover intramolecular interactions and a previously described hydrogen-bond potential for intermolecular hydrogen-bond interactions. The results are most pronounced for the conformation of hydroxyl groups; r.m.s, deviations of 16.4 and 17.2 ° for the isolated molecules diminish to 4.8 and 6.7 ° for the water-surrounded model of a-D-glucose and ~t-Oglucose monohydrate respectively. Energetical considerations are given for the conformation of the hydroxymethyl group.
Introduction
In a previous paper (Kroon-Batenburg & Kanters, 1983) , a modified version (MM2HB)of the molecularmechanics program MM2 (Allinger, Tribble, Miller & Wertz, 197 l; Allinger & Chung, 1976; Allinger & Yuh, 1980) was presented. In order to be able to treat hydrogen-bond interactions of the O-H... O class, it was necessary to implement an empirical potential which was derived using the configuration-interaction water-dimer calculations of Matsuoka, Clementi & Yoshimine (1976) . The chief aim, to modify and to extend MM2, was the application of this force field in studies of environmental effects on the conformation of saccharides. Di-and higher oligosaccharides can form pronounced intramolecular hydrogen bonds, whereas in monosaccharides weak hydrogen bonds are possible in principle between adjacent hydroxyl groups. However, in the solid state the weaker bonds will be overruled by stronger intermolecular bonds and only the stronger intramolecular bonds will be preserved. 0108-7681/83/060749-06501.50
To study the influence of both intra-and intermolecular hydrogen bonds on the molecular conformation of saccharides, a model has been developed in which the crystal environment of a single molecule is simulated by rigid water molecules at positions corresponding to those of hydrogen-bond donors and acceptors in the actual crystal structures. In this paper the newly developed O-H... O potential is tested with the simulation model on the crystal modifications of a-D-glucose and its monohydrate.
Method
Among the intermolecular forces affecting the molecular conformation of saccharides in crystal structures, the hydrogen bond is by far the most important interaction. Therefore only this type of interaction will be considered in this study.
The method consists of molecular-mechanics calculations of the conformation of the monosaccharide comprising intermolecular hydrogen-bond interactions. The force field MM2HB is described in a previous paper (Kroon-Batenburg & Kanters, 1983) . Additional modifications to the force field had to be made to account for the so-called anomeric effect (Eliel, Allinger, Angyal & Morrison, 1965) which influences geometries of the hemiacetal sequence O(1)-C(1)-O(5)-C(5) of saccharides (see Fig. 1 for atomic numbering). The relevant parameters in the force field were changed according to the proposal of Jeffrey & Taylor (1980) .* The crystal environment is represented in such a way that the preponderant hydrogen-bond interactions are preserved without having to include all neighbouring molecules. When the hydrogen-bond criterion is set at an intermolecular O...O distance of 3.30 A the central molecule is hydrogen-bonded to 12 glucose molecules in the crystal structure of a-D-glucose (Brown & Levy, 1979) and to six glucose molecules and four water molecules in the monohydrate (Hough, Neidle, Rogers & Troughton, 1973) . The limiting distance was chosen so as to cover all interactions within the range that is normal for hydrogen bonds (Jeffrey, 1982) . The relevant hydroxyl and ring ether groups of the neighbouring molecules were replaced by water molecules in such a way that C-O-H(1) is replaced by H(2)-O-H(1), with the same bond angle but with the H(2)-O distance set at 0.96A and C-O-C was similarly replaced by H-O-H. Because the geometry of a-D-glucose monohydrate was derived from X-ray data, the O--H(1) distance was corrected to 0.96 A in all cases; for a-D-glucose the neutron-diffraction-derived O-H(1) distance was used.
The glucose residue caged within this rigid framework of water molecules was then allowed to relax to its minimum-energy geometry. In this process the formation of intramolecular hydrogen bonds between O atoms that are not bonded to the same C atom is allowed.
O atoms in the molecular-mechanics force field are parametrized with having two lone pairs attached that act as pseudo atoms in the calculations. So at every O two lone pairs were placed in the bisecting plane of Kanters, 1983; Allinger & Yuh, 1980) .
Calculations
We have performed three types of calculations; the resulting geometries are compared with those observed in the crystal structure (A). The first type of calculation is that of a minimum-energy conformation of the isolated molecule (B). When starting from the crystal molecular conformation, this calculated conformation does not necessarily have to correspond to the global minimum, but it is a local minimum-energy conformation of the isolated molecule that will not be very "~r.m.s. ,lmean (2) x + ½, -y + ½, -z; (3) -x, y + ½, -z + ½; (4) -x + ½, -y, z + ½. The first three digits specify the lattice translation (e.g. 564.4 is +b -c from 555.4).
different from that in the crystal. Secondly, starting from the crystal-structure geometries, the conformation of the molecules surrounded by the rigid cage of water molecules was calculated (C). This calculation was repeated for the isolated molecule (B), which was placed in the cage in a position as closely as possible to that in the crystal structure (D). In all cases the central molecule was allowed to relax to its minimum-energy conformation.
The a-D-glucose and a-D-glucose monohydrate molecules with the simulated surroundings are illustrated in Figs. 1 and 2 respectively. For a-D-glucose the selected 12 O. • • O contacts within 3.3 A are given in Table 1 . Table 2 lists the data for 11 O...O contacts for the monohydrate. (1) x,y,z;
(2) -x, y + ½, -z. The first three digits specify the lattice translations (e.g. 645.2 is +a -b from 555.2).
Results and discussion
Only the results of two calculated structures are given in the tables, that of the isolated molecule (B) and the structure obtained by including the environment (C). Calculations performed on (C) and (D) systems gave practically the same results, so only one of them is listed.
inclusion of the surroundings. The r.m.s, deviation of the surrounded molecule (C) is 0.012A for a-Dglucose and 0.019A for the hydrate. The mean Bond angles (o) for a-D-glucose difference for the C-C bonds shows that they are calculated systematically too long. The shortening of the bonds in the crystal structure may well be caused by a crystal-compression effect. This effect could be reproduced by inclusion of many more glucose molecules in the calculation instead of a limited number of water molecules, but that would complicate the calculations too much and is beyond our goal. The C-O bonds are, though to a lesser extent, systematically too short. This was already noticed by Allinger & Chung (1976) who found that in contrast to ether-like C--O bonds, methanol-like C--O bonds are calculated too short. Compared with the neutron data of a-D-glucose, the calculated C-H distances are systematically (0.02 A) too long. Inclusion of the surroundings has practically no effect on bond distances involving H atoms.
Bond angles
The results for endocyclic and exocyclic angles and for the angle of the hydroxymethyl group are listed separately in Table 4 . There is little difference in agreement between these categories. The mean devia-tions are always smaller than the r.m.s, deviations, indicative of the absence of systematic deviations. The r. H atoms, compared with the neutron data of a-D-glucose, the results are similar. 
m.s, deviations of calculation (C) are smaller than those of calculation (B) for all categories. In most of the cases the individual deviations between (A) and (C) are smaller than between (A) and (B). The overall improvement by including the surroundings is 0.2 ° for both a-D-glucose and the hydrate. For angles involving

Torsion angles
The results for endocyclic, hybrid, exocyclic and hydroxymethyl group torsion angles involving C and O atoms are listed in Table 5 ticular group is discussed in the next section. The r.m.s. deviation for all torsion angles is reduced by 0.5 o upon inclusion of the surroundings in the calculations. The largest differences between the crystal structure molecule (A) and the isolated molecule (B) are those of the torsion angles of the hydroxyl groups (Table 6) , which are most directly influenced by hydrogen bonding. Here the effect of our method is expected to be most pronounced. For a-D-glucose the r.m.s. deviation between the crystal molecular structure (A) and the free molecular structure (B) is 16.4 °, and for the hydrate 17.2 ° . Similar values have been found by Kildeby, Melberg & Rasmussen (1977) . These deviations are reduced to 4.8 and 6.7 ° respectively in the water-surrounded complex (C). These results indicate that the model reproduces a molecular structure in a crystal in a satisfactory way.
Conformation of the hydroxymethyl group
The local minimum-energy conformations of the free molecules (B), derived from the two different crystal structures, mainly differ in the conformation of the hydroxymethyl group caused by rotation about C(5)-C(6) and C(6)-O(6)(see Table 5 ). The torsion angle relative to the bond C(5)-C(6) is approximately gt for a-D-glucose [gauche for O(5)-C(5)-C(6)-O(6) and trans for C(4)-C(5)-C(6)-O(6)] and gg for the hydrate.
The energies for the free glucose molecules (B) are referred to as E free in Table 7 ; the difference in energy between the structure derived from a-D-glucose and that from a-D-glucose monohydrate is 13.0 kJ mol -~ in favour of the latter. The energies of the free molecules should be compared with gas-phase data, but as these are not available it will be most proper to compare them with data from solutions. From NMR studies of a-D-glucose in acetone a ratio of 77:23 for gg:gt conformations was found (Streefkerk, de Bie & Vliegenthart, 1973) , corresponding to an energy difference of 3.3 kJ mol -~ at room temperature, obviously much smaller than the calculated HE free __g of 13.0 kJ mol-k
In the crystal structures the calculated energy difference between the two glucose molecules (A) is 33"2 2"9 30"2 g 11.7 kJ mo1-1 (AE 8 in Table 7 ). From crystal-structure data of saccharides containing glucose moieties it appears that gg and gt conformations occur in a ratio of 60:40 (Marchessault & P6rez, 1979) which would correspond to an energy difference of 1.3 kJ mo1-1 at room temperature. The relative stabilities of the two molecules (A) will be influenced by the crystal-packing energies, represented in the model calculations by hydrogen-bond energies. If the interaction energy of glucose with the 1 water cage is included (Eg + ~E~/w in Table 7 ), the energy difference between the two molecules (A) becomes -2.5 kJ mol -~, the gt conformation in the homomolecular structure now being lower in energy than the gg conformation in the heteromolecular 1 structure. Whether these values of ~Eg/w are representative for the environments of all gg and gt conformations observed is yet unknown. However, it is obvious that this contribution will influence their relative occurrence in dense polar media.
It should be noted that the relative energies of the gg and gt conformations are dependent on the value of the dielectric constant (e) that is used in the calculation of the dipole energies. In all calculations the value of e was taken equal to unity. It turned out that the conformations of the free molecules (B) hardly changed with e = 3, whereas the energy difference between gg and gt conformations becomes 2.9 kJ mol -~, gg being lower in energy. This result is more in agreement with the previously mentioned NMR data than the results from the calculations with e = 1. Future calculations on saccharides will decide whether e = 3 should be used in the case of intramolecular energies, or that the apparent disagreement between experimental and theoretical results is due to the packing effects described above.
